The underwater imaging could be severely degraded by the scattering media due the backscatter veiling and signal attenuation. Image recovery based on polarization information has shown its efficiency in improving the quality of image in scattering medium, but few of them considered the effect of nonuniform optical field on the image recovery. In this paper, we consider the condition of nonuniform optical field, and we propose a method of retrieving the objects radiance based on estimating the degree of polarization (DOP) and the intensity of backscatter at different positions of the image. The experimental results demonstrate that the quality of the underwater image can be effectively enhanced by this method. In addition, compared with the previous methods, the method proposed in this paper can maintain a better performance at different positions of the image, thanks to considering the DOP and intensity of backscatter as spatial variables instead of constants.
Introduction
The imaging quality of underwater scenes could be degraded due to the disturbance of the turbid medium [1] , [2] . The target signal can be partially absorbed and scattered by the particles in the water, and some undesired light scattered into the optical path by the particles causes the incoming light blending with the veiling light. Both two effects degrade the image quality in the turbid media [3] - [5] . However, there are active demands for underwater imaging, such as the exploration of marine resources and inspection of ship hulls for damage. Consequently, various methods of image recovery for underwater scenes have been proposed, in order to eliminate such negative effects of underwater imaging [6] - [11] .
In particular, the method of polarimetric imaging for recovering the image in scattering medium was proposed by Schechner in 2001 [12] . Further studies have been performed to develop this method in subsequent years [13] - [16] , which proved that polarimetric imaging method is effective in improving the imaging quality of underwater scenes [17] - [20] . However, previous works of polarimetric imaging in turbid medium often assumed that the intrinsic parameters of underwater imaging condition (including the degree of polarization (DOP) of the backscatter and the intensity of backscatter at different positions of the image) are spatial constants [12] , [21] - [23] . However, this assumption could not be appropriate in many cases. For example, the active illumination could produce a non-uniform light field in water [19] , [21] , and in this condition, the intrinsic parameters of underwater imaging condition may vary across the field of view. If one still considers these parameters as constants, it could induce the decay of image quality in some regions of the scene.
In this paper, we focus on the underwater imaging in the condition of non-uniform light field, and we investigate the effects that the DOP of the backscatter and the irradiance of backscatter have on the underwater imaging recovery. We show the limitation of previous polarization-based methods for underwater image recovery, which assume that the DOP of the backscatter and the irradiance of backscatter at an infinite distance are constants. We propose a method for estimating the spatial distributions of the DOP of the backscatter and the irradiance of backscatter at an infinite distance based on extrapolation fitting. We perform several groups of real-world experiments of polarimetric underwater imaging in non-uniform light field, in order to demonstrate the feasibility and superiority of the method proposed in this paper.
Polarimetric Theoretical Model
The basic physical model of underwater image formation through the homogeneous turbid medium with active illumination is based on the model in [12] , [13] . The image of the irradiance received by detector can be expressed as:
where (x, y) indicates the coordinates of the pixels in the image, D (x, y) originated from the irradiance of the object in the fields of view, which is attenuated due to the absorption and scattering by the turbid medium. B (x, y) is called the veiling light or backscatter, which comes from the light scattered towards the detector by the scattering particles in water. The expressions of D (x, y) and B (x, y) are:
where L (x, y) is the irradiance of the object without being attenuated by the particles in water, and A ∞ corresponds to the value of backscatter at an infinite distance in the water. t (x, y) is the medium transmittance, which can be expressed as:
where the parameter β (x, y) is the attenuation coefficient due to absorption and scattering in the water with the assumption that it is distance invariant. ρ (x, y) refers to the underwater part of the optical path between the object and the detector. According to the equations above, the object radiance L (x, y) can be derived as:
The objects are often considered to be highly depolarized, and the DOP of the object irradiance D (x, y) can be neglected [12] , [22] . In other words,
In this case,
where I (x, y) and I ⊥ (x, y) correspond to two orthogonal orientations of the polarizing filter (linear polarizer) obtained by camera.
The degree of polarization (DOP) of the backscatter can be expressed as [21] , [22] :
Therefore, according to (3) and (7), the transmittance can be expressed as:
In order to acquire the object irradiance L (x, y) according to the algorithm in (5), a major problem is to estimate the transmittance t (x, y). As indicated in (8) , in order to estimate the transmittance, fist we need to estimate the values of A ∞ as well as the DOP of backscatter P scat .
Previous studies consider that the values of P scat and A ∞ are constants, which are global parameters across the field of view [12] , [22] . However, this assumption could lead to poor performance under non-uniform light field conditions, such as active illumination condition. In this case, it is reasonable to expect the value of P scat and A ∞ varies with the coordinates of the pixels in the image, which indicates the spatial variations of P scat (x, y) and A ∞ (x, y) over (x, y). The method of recovering the object irradiance L (x, y) based on estimating the spatial distributions of P scat (x, y) and A ∞ (x, y) under non-uniform optical field is described in the following.
Estimating the Spatial Distribution of A ∞ and P scat
To recovery the image with (5) and (8), we need to estimate the values of P scat and A ∞ properly. In fact, under non-uniform light field conditions (such as active illumination), light depolarizes as it is repeatedly scattered by particles in water [25] . The DOP of the backscatter P scat depends on the scattering angles, and it also depends on the position of light source relative to the viewing direction [26] . Therefore, there are considerable spatial variations of P scat and A ∞ across the field of view, and it is reasonable to expect the measured P scat and A ∞ to be non-uniform. The method of estimating the spatial distribution of P scat and A ∞ are discussed in the following.
According to (4), we know that t (x, y) → 0 when ρ (x, y) → ∞. According to previous method [12] , [22] , we can use pixels corresponding to the background (with no target) to estimated P scat and A ∞ respectively. We measure the gray levels of the pixels at the background in the image of I || (x, y) and I ⊥ (x, y), and it can be considered to be the values of A ∞ measured at two orthogonal orientations of the analyzer denoted as A || ∞ and A ⊥ ∞ . Consequently, A ∞ (x, y) and P scat (x, y) can be obtained as:
In order to deduce the spatial distributions of P scat (x, y) and A ∞ (x, y) across the field of view, we employ the extrapolation method to deduce the spatial distribution values of P scat and A ∞ . In this method, all we can know in advance are the values of P scat and A ∞ in the background regions according to the (9) and (10), while the values of P scat and A ∞ in the object region cannot be known. The spatial distribution ofP scat (x, y) andÂ ∞ (x, y) in the whole image can be deduced by polynomial fitting function to the measurements with the distribution of the backscatter P scat (x, y) and A ∞ (x, y) of the known background region. Since the values of P scat (x, y) and A ∞ (x, y) in the background area defined by (9) and (10) are continuous curved surface, polynomial functions can be a proper choice for fitting function of P scat (x, y) and A ∞ (x, y) with a good flexibility. The polynomial functions can be 
Equations (11) and (12) are the polynomial functions composed of multiple cross terms, (x, y) indicates the coordinates of the pixels in the image, and it corresponds to the possible relation with the values of P scat (x, y) and A ∞ (x, y). n 1 and n 2 are the orders of polynomial function, which decide the shape of the fitting surface. a ij and p ij are coefficients of polynomial function, which are obtained by the least squares method through minimizing the differences A ∞ −Â (n 1 ) ∞ 2 and P scat −P (n 2 ) scat 2 in the background region. The role of the coefficients a ij and p ij are adjusting the base value of the polynomial function (11) and (12) . According to (11) and (12), we can find that it is important to estimate the orders of polynomial function n 1 and n 2 . We decide n 1 and n 2 by searching the optimal values of n 1 and n 2 that maximize the value of measure of enhancement (EME), which is as a criterion to quantitatively evaluate the quality of images [27] . The search is performed by the iterative algorithm with a resolution step of 1 for the coefficients n 1 and n 2 . It needs to be clarified that fitting with higher order polynomial function can lead to lower values of A ∞ −Â (n 1 ) ∞ 2 and P scat −P (n 2 ) scat 2 in the background region, however, it could also lead to the problem of overfitting and thus lead to a lower value of EME. When we decide the values of n 1 , n 2 , a ij and p ij by the method above, we can get the spatial distributions of P scat (x, y) and A ∞ (x, y) in the whole image through (11) and (12) .
In practice, according to (8) , the underestimation ofP scat (x, y) could cause the negative values of transmittance t, and it can be solved by employing a parameter ε slightly above 1 to modifŷ P (n 2 )
scat (x, y) as εP
scat (x, y) [12] . Then, according to the equations above, the object radiance L (x, y) and the transmittance t (x, y) can be deduced as:
t(x, y) = 1 − I (x, y)
Real-World Experiment and Results
The experimental setup is shown in Fig. 1 . The images are taken by a monochrome CCD camera (AVT Stingray F-033B). We employ Light-Emitting Diode (LED) together with an optical filter to generate the active illumination light with the central wavelength of 632.8 nm. There is a linear polarizer placed in front of the LED to produce the linear polarized light, and there is a rotating linear polarizer placed before CCD as an analyzer. The object is put inside a transparent PMMA tank filled with water, and we make the water turbid by blending the clear water with milk. In our experiment, the target region consists of a plastic cube, which has some words and patterns on its surface. The target is immersed in the turbid water, and the intensity image of this scene is shown in Fig. 2 . It can be seen that the visibility of the intensity image is poor, and the details of the scene are severely degraded. The value of EME of Fig. 2 is calculated to be 0.37.
We obtain I (x, y) and I ⊥ (x, y) at two orthogonal orientations of the polarizer before the CCD, as shown in Fig. 3 , where Fig. 3(a) represents co-linear image I (x, y) with the value of EME calculated to be 0.36, and Fig. 3(b) represents cross-linear image I ⊥ (x, y) with the value of EME calculated to be 0.39. In order to estimate A ∞ (x, y) and P scat (x, y), it is necessary to find a region in the image with no target (background) to obtain A || ∞ (x, y) and A ⊥ ∞ (x, y). Fig. 4 shows a part of the background region (with the yellow rectangle in Fig. 3 ) in the image of I (x, y) and I ⊥ (x, y) in Fig. 3 and the corresponding histograms. It can be seen in Fig. 4 that the distributions of I || (x, y) and I ⊥ (x, y) in the background area are not uniform, which induce the considerable variation of A ∞ (x, y) from 0.67 to 0.87 as well as the considerable variation of P scat (x, y) from 0.23 to 0.4. In this case, A ∞ (x, y) and P scat (x, y) cannot be considered as constants, and thus the spatial distributions of A ∞ (x, y) and P scat (x, y) are needed to be estimated.
In order to estimate the spatial distributions of A ∞ (x, y) and P scat (x, y), we need to identity the background area (with no target) in Fig. 3 . It is realized by the image segmentation method of "GrabCut" [28] , which can find the boundary between the target and the background. Consequently, the distribution of A || ∞ (x, y) and A ⊥ ∞ (x, y) in the background area can be obtained. The method for estimating A ∞ (x, y) and P scat (x, y) in the object area is illustrated in Section 3, which is based on extrapolation fitting by polynomial functions according to (11) and (12) . For recovering the image, we need to search the optimal values of n 1 , n 2 and ε that maximize the value of EME. The search is performed by the iterative algorithm with a resolution step of 1 for the coefficients n 1 and n 2 , and with a resolution step of 0.01 for the coefficient ε. For the scene shown in Fig. 2 , the optimal values of n 1 , n 2 and ε are found to be n 1 = 2, n 2 = 3, ε = 1.04, which correspond to the maximum EME value of 6.35. The fitting results of the spatial distribution of A ∞ (x, y) and P scat (x, y) are shown in Fig. 5(a) and (b) respectively. It can be seen in Fig. 5 that the values of A ∞ (x, y) and P scat (x, y) in the areas of the objects can be roughly reconstructed based on the data in the background area by our algorithm. Fig. 6(a) shows the retrieved radiance of the object L (x, y), and the value of EME is calculated to be 6.35. It can be seen that the visibility is greatly improved. For the purpose of comparison, the recovered image by Schechner's method [12] is also presented in Fig. 6(b) . It can be seen in 6 that the image recovered by our method clearly reveals the details of the scene (in orange and blue rectangles) that decay significantly in the intensity image, and it has a better quality than the image recovered by Schechner's method. This is because under the non-uniform optical field, the DOP of backscatter P scat and A ∞ in the right side of background region are considerably higher than those in the left side of background region, as shown in Fig. 5 . If we recover the image with Schechner's method which considered the DOP of backscatter P scat and A ∞ to be constants, the transmittance t (x, y) corresponding to the object can be considerably overestimated because of the improper estimations of P scat and A ∞ . Consequently, it will lead to incomplete haze removal, and thus the recovered image is not clear enough.
In order to show the images in Fig. 6 in detail, we display the enlarged views of parts (the areas inside the orange and blue rectangles) in Fig. 7 . It can be also seen that the quality for both parts of view in the image by employing our method in Fig. 7(c) are better than that of Schechner's method in Fig. 7(b) . It indicates that the method proposed in this paper can realize the thorough haze removal to reveal clearly the details of the objects at different positions.
In addition, in order to further verify the effect of our method, we perform another group of experiment, in which the target region consists of a plastic ruler sticked on a plastic plate with some words on it. The intensity image of scene is shown in Fig. 8(c) , in which the details of the ruler in the image are severely degraded. The recovered image by our method is shown in Fig. 8(a) , which enhances the value of EME from 0.30 to 3.86. Besides, the image recovered by the method of Schechner is shown in Fig. 8(b) , with the value of EME calculated to be 1.69. In order to show the details of the image more clearly, we choose two regions of the scene (with the orange and blue rectangles in Fig. 8 ) to compare our method with Schechner's method [12] , as shown in Fig. 9 . The result in Fig. 9 shows that the images recovered by the method of this paper have almost the same performance for both two regions. However, for Schechner's method, the recovered image in the blue rectangle is more blurred than that in the orange rectangle, which is due to the improper estimation of P scat and A ∞ with different extents at different positions of the image.
Conclusion
In conclusion, we proposed an underwater image recovery method based on estimating the spatial distribution of P scat and A ∞ in non-uniform optical field, which are considered as global constants by previous methods. By employing the extrapolation method and least squares method, the spatial distribution of the intrinsic parameters of underwater imaging condition (including the degree of polarization (DOP) of the backscatter and the intensity of backscatter at different positions of the image) can be estimated, which benefits the image recovery at different positions of the scene. The results of real-word experiment show that our method could considerably improve the quality of underwater image under the condition of non-uniform optical field, and the quality of the recovered image can maintain a high level at different positions.
